Summary: It is well recognized that the theophylline (TP) concentration in human tears correlates well with the free TP concentration in human plasma. However this correlation was found only in a very narrow range of concentrations of TP, and pharmacokinetic analysis of TP in tears has not been carried out for a wide range of concentrations of TP. The aims of this investigation were to develop a simple kinetic model for TP in guinea pig plasma (total [Cf＋b] 
Introduction
Theophylline (TP) is a bronchodilating drug that is widely used in the treatment of asthma and chronic obstructive airway disease.
1) The total TP concentration in plasma [Cb＋f ] is routinely monitored in patients because its therapeutic plasma concentration range is relatively narrow (5-20 mg W mL). One of the most serious adverse reactions of TP is the occurrence of generalized seizures. As it has been demonstrated that TP in cerebrospinal ‰uid (CSF) equilibrates very rapidly with the site of action responsible for TP-induced seizures in rats, 2) monitoring the TP concentration in CSF [C]CSF is thought to be very useful for avoiding TP-induced seizures. However, it is very di‹cult to take CSF samples solely for therapeutic drug monitoring (TDM) of TP. It is believed that the unbound (free) drug in plasma [Cf ] correlates with its [C]CSF, 3) and is responsible for therapeutic eŠects and adverse reactions. The protein binding of TP is non-linear, [4] [5] [6] and varies for diŠerent physiological conditions 7) and disease states. [8] [9] [10] Although [Cf ] can be measured by equilibrium dialysis or ultra-ˆltration, it requires tedious and time-consuming procedures. Recently, we developed a simple and sensitive method for the quantitation of TP in subjects' tears [C] T using gas chromatography W electron ionization selected ion monitoring (GC W EI-SIM). Using this method we demonstrated a statistically positive correlation between [C]T and [Cf ] of TP, 11) while Stoehr et al., had previously shown that [C]T correlated well with both the [Cf＋b] and [Cf ] of TP. 12) These results suggested that the values of [Cf＋b] and [Cf ] can be predicted from the value of [C]T. Our previous study showed that the time courses of [Cf＋b] , [Cf ] , [C] CSF and [C]T in guinea pigs after i.v. administration of valproic acid can be quantitatively described using a simple kinetic model, and that the values of [Cf ] and [C]CSF can be predicted from those of [C] T via use of the resulting pharmacokinetic parameters.
13) The aims of this paper were to describe the development of a simple kinetic model for [Cf＋b] , [Cf ] , [C] CSF and [C]T in guinea pigs after i.v. administration of TP and to examine whether [Cf ] , [Cf＋b] and [C]CSF can be predicted from [C]T using the resulting kinetic parameters for a wide range of concentrations of TP which were obtained from the administration of the higher TP doses (50 and 100 mg W kg).
Methods
Materials: Aminophylline (Sigma Chemicals, St. Louis, MO) was purchased commercially and used without further puriˆcation. The injection solution consisted of aminophylline equivalent to 10, 50 and 100 mg of TP in 1 mL of isotonic sodium chloride solution (Otsuka Pharmaceuticals, Tokyo, Japan) dissolved with the aid of sodium hydroxide. All other chemicals were of reagent grade and were obtained commercially.
Animal Experiments for [Cf＋b], [Cf ], [C]CSF and [C] T :
Since the collecting of tears from guinea pigs was easier than that from the rat, male Hartley guinea pigs (291±32 g, Japan SLC, Inc., Shizuoka, Japan) were used. The guinea pigs were housed individually in metal cages in a controlled-temperature environment (22-249 C) with alternating 12-hr light (7 a.m.-7 p.m.) and dark cycles. Food and water were withdrawn in the morning on the day of the experiment, and the guinea pigs were then placed in individual plastic metabolic cages. The animals had an indwelling cannula implanted in the right jugular vein one day before the experiments. To characterize the changes in [Cf＋b] , [Cf ] , [C]CSF and [C]T, TP (10 mgW kg) was given in a bolus injection into the right jugular vein. At 5, 10, 15, 30, 45, 60, 120, 240, 360, 480 , 1200 and 1440 minutes after administration, guinea pigs were lightly anesthetized with ether and then tear, CSF and blood samples taken (three animals were sacriˆced each time, with 36 animals used in total). Tears were collected from both eyes using a Schirmer tear test paper (Alcon Laboratories, TX), CSF was obtained by cisternal puncture, and as much blood as possible was obtained from the abdominal aorta (about 4 mL). Tear samples were collected on a Schirmer tear test paper. The bent portion was inserted into the anterior medial conjunctival sac for 60 seconds. The wet portion of the test paper was cut to a size of 5 mm 2 in which the average tear volume was found to be 3.37± 0.41 mL (n＝10) where these values were obtained by weighing the individual 5 mm 2 tear paper (n＝10) in a separate experiment. The pH of the tears from both eyes was measured after tear-sampling, using pH indicator paper (TB, Advantec, Tokyo). The collected blood was centrifuged (10 min, 3000 rpm) and the separated plasma was used in the determination of the drug concentration and the binding experiment. Plasma protein binding of TP was determined using the ultra-ˆltration method (Centrifree MPS-3, Amicon, MA). The tear, CSF and plasma samples were stored at -809 C until analysis of the TP concentration. To determine the eŠect of dose on the TP disposition in plasma and tears, TP (50 and 100 mg W kg) was given in a bolus injection into the right jugular vein cannula, and then saline was run through the cannula. Blood (0.5 mL) and tear samples were collected from the same right jugular vein cannula and from both eyes using Schirmer tear test paper, respectively, at 5, 15, 30, 60, 120, 240, 360, 480 and 1440 minutes after TP injection (3 animals were used for each dose). The blood was then replaced by injection of an equal volume of citrated blood from a donor guinea pig. The tear and plasma samples were stored at -809 C until analysis of the TP concentration.
Quantitation 11) In brief, the Schirmer tear test paper containing the subject's tears was cut up and put into a screw-cap test tube. Plasma (2 mL) was pipetted onto a Schirmer tear test paper (5 mm 2 ) which was then placed in a screw-cap test tube (13×100 mm). An aliquot (2 mL) of the internal standard solution was then added and was absorbed by the test paper containing either plasma or tears. Benzene (100 mL) and PFB-Cl (25 mL) were added to derivatize the TP. The excess derivatization reagent and solvent were removed at 609 C under dry nitrogen after one hour of reaction at 909 C. Ethyl acetate (50 mL) was added to the test tube and mixed in for 10 seconds. The mixture was passed through a membraneˆlter (0.45 mm), and 2 mL of theˆltrate was injected into a gas chromatograph-mass spectrometer.
The assay was performed on a Hewlett-Packard 5890 series II gas chromatograph, a 5971A mass selective detector, and a 7673 autoinjector. The operating conditions were: ionization voltage 70 eV, source temperature 2809 C, transfer line temperature 1909 C, injection port temperature 2309 C and helium ‰ow-rate 1.0 mL W min. The capillary column used was a HP-1 (crosslinked methyl silicone, Hewlett-Packard) 12 m×0.2 mm I.D., with aˆlm thickness of 0.25 mm. The TP PFB-amide samples were injected at a column temperature of 1509 C. After an initial period of two minutes the column temperature was raised to 2709 C at a rate of 209 C W min. The derivatized sample (2 mL) was injected into the GC W MS system in splitless mode using an automatic sample injector. The monitoring ions at m W z Fig. 1 .
Assuming that the time courses of [Cf＋b] can be described by a two-compartment model with non-linear elimination kinetics and individual volume distribution of TP at each dose, the following equations, 1, 2 and 3, were applied to elucidate the time courses of [Cf＋b] . Deˆnitions of the symbols used in all the equations are listed in Table 1 .
The free fraction of TP in plasma increased with the enlargement of dose. The characteristics of the plasma protein binding of TP were analyzed using the following equation, 4. The relationship between [Cf＋b] and [Cf ] can be represented by the following equation, 5. Consequently, the time courses of [Cf ] after 10, 50 and 100 mg W kg administrations were analyzed using the following equation, 6.
In order to quantitatively describe the time course of [C]CSF, a basic physiological model that was in accordance with the passive diŠusion model was constructed. The time course of [C]CSF could be expressed by the following equation, 7.
VCSF is the CSF volume (mL). CLCSFIN and CLCSFOUT are the apparent diŠusion clearances of TP (mL W hr) from plasma to CSF and from CSF to plasma including the bulk ‰ow rate of CSF (QCSF: mL W hr 
The [C] T was analyzed using the same model used for 
VTEAR is the tear volume (mL). UIFP and UIFT are the theoretical values of the unionized form fractions of TP in plasma and tears, respectively. CLTIN and CLTOUT are the apparent diŠusion clearances of TP (mL W hr) from plasma to tear and from tear to plasma including the bulk ‰ow rate of tear (QTEAR: mLW hr). Since CLTIN＝ KTINVTEAR and CLTOUT＝KTOUTVTEAR, equation, 11 is simpliˆed to the following equation, 12. The time course of [C]T after i.v. administration of TP was analyzed using equation, 12.
In order to examine whether [
Least Squares Model Adaptation: In order to estimate the kinetic parameters for TP, the data for the concentrations of TP wereˆtted using a non-linear least squares regression program, WinNonlin.
14)
Results Total TP concentration in plasma: The time courses of [Cf＋b] after i.v. administration of TP at 10, 50 and 100 mg W kg into the guinea pigs are shown in Fig. 2A . The data are plotted semi-logarithmically as a function of time. The solid lines in Fig. 2A represent the calculated values using equations, 1, 2 and 3. The kinetics of [Cf＋b] could be described quantitatively using this model. The kinetic parameters were estimated using the non-linear least squares method, and the resulting parameters are listed in Table 2 . Since the guinea pigs died after i.v. administration of TP at 100 mg W kg, there were no data for the 24th hour.
Free TP concentration in plasma [Cf ] : The time courses of [Cf ] after i.v. administrations of TP (10, 50 and 100 mg W kg) are shown in Fig. 2B . Figure 3A shows the changes in the free fraction of TP in plasma. The free fraction of TP in plasma increased with dose (10, 50 and 100 mg W kg: 0.35±0.07, 0.50±0.08 and 0.64±0.06, Fig. 3B represent the values of the free fraction of TP for each dose). Figure 3B shows the binding curve of TP on a Langmuir plot, and is a hyperbolic curve. (Fig. 1) . The solid line in Fig. 2C represents the calculated values of [C]CSF, and indicates that the time course of [C]CSF can be described by equation, 8. The kinetic parameters ( KCSFIN and KCSFOUT) were computed using the non-linear least squares method, and the resulting parameters are listed in Table 2 . The other parameters (CL CSFIN and CLCSFOUT) were calculated using published data. The values of the CSF volume (VCSF) and the CSF ‰ow rate (QCSF) were estimated from the allometric relationships between body weight and the values of VCSF and QCSF 3) and Stoehr et al. 12) 174 Shinji SATO, et al.
previously reported for rats and humans.
15-16)

TP Concentration in Tears [C] T :
The time courses of [C]T after i.v. administration of TP at 10, 50 and 100 mg W kg are shown in Fig. 2D . Assuming that the translocation of TP from plasma to tears and from tears to plasma can be explained by the passive diŠusion model that was in accordance with the pH-partition theory, the time courses of [C]T were analyzed using equation, 12. The solid lines in Fig. 2D represent the calculated values of [C]T, and indicates that the time courses of [C]T can be described by this basic physiological model for a wide range of concentrations of TP. The kinetic parameters ( KTIN and KTOUT) were computed using the non-linear least squares method, and the resulting parameters are listed in Table 2 . The other parameters (CLTIN and CLTOUT) were calculated using published data. The values of the tear volume (V TEAR ) and the tear ‰ow rate (QTEAR) were also estimated from the allometric relationships between body weight and the values of VTEAR and QTEAR previously reported for rabbits and humans. [17] [18] [19] Prediction (Fig. 4) . All kinetic parameters were estimated by the computer program WinNonlin. 14) [Cf ]＝1.00±0.26). The solid lines in Fig. 4 
Discussion
The Michaelis-Menten kinetic behavior of TP has been shown. 20) In order to conˆrm whether the disappearance of [Cf＋b] can be explained by non-linear elimination kinetics, the values of the area under the curve (AUC), the clearance (CL), the mean residence time (MRT) and the steady state volume distribution (VSS) of TP were estimated using non-compartmental analysis at each dose, and the resulting parameters are listed in Table 3 . The values of the dose-normalized area under the curve of [Cf＋b] (AUC W DOSE) at 10, 50 and 100 mg W kg i.v. were found to be 14.1, 16.8 and 26.5 (( mg W mL)hr) W (mg W kg), respectively. The value increased at 100 mg W kg i.v. of TP. These results indicated that it is necessary to assume the presence of nonlinear elimination kinetics in order to explain the kinetic behavior of [Cf＋b] after TP injection. In the case of the lowest dose (10 mg W kg), the disappearance of [Cf＋ b] followed a two-exponential curve. Therefore, a twocompartment model with non-linear elimination kinetics and individual volume distribution of TP at each dose was used to explain [Cf＋b] after TP injection. The solid lines in Fig. 2A represent the calculated values using this non-linear elimination kinetics model. The kinetics of [Cf＋b] could be described quantitatively using this model. The kinetic parameters were estimated byˆtting the data of [Cf＋b] to equation, 1, 2 and 3 using the non-linear least squares method.
The protein binding of TP has been shown to be non-linear, [4] [5] [6] and altered by diŠerent physiological variables 7) and disease states. [8] [9] [10] The free fraction of TP in plasma and the value of the VSS increased with dose ( Fig. 3A and Table 3 ). These results indicated that the protein binding behavior of TP was non-linear. Figure 3C shows the binding curve of TP on a Scatchard plot. The binding curve seemed to follow the twophase downward curve. This result suggested that at least two types of independent binding site for TP are present on the guinea pig plasma proteins. Reijenga et al., have investigated the binding of TP to human serum, human serum albumin (HSA) and a1-acid glycoprotein (a1-AGP), and indicated that the binding percentages of TP to human serum, HSA and a1-AGP were 55, 44 and 12z, respectively. 21) a1-AGP is an acute phase protein with intra-patient variation due to certain diseases. It has been demonstrated that the alterations of the disposition and the elimination of an anticancer drug (7-hydroxystaurosporine) are caused by the extremely high a‹nity binding to a1-AGP and the slow dissociation of the drug from a1-AGP. The time course of [C]CSF can be described by the basic physiological model (Fig. 1) . Several kinetic models have been used to elucidate the disposition of drugs in CSF. 23) [C]CSF was practically identical to [Cf ] , and [C] CSF W [Cf ] was found to be 1.00±0.26. In a previous study, the time course of valproic acid concentration in CSF could be described quantitatively using a basic physiological model in which the CSF compartment was connected to the serum compartment (free drug) by apparent diŠusion constants, 13) and the equation was expressed as equation, 7. The time course of [C]CSF was also analyzed using this equation. The solid line in Fig. 2C The time course of [C]T can be described by the basic physiological model (Fig. 1) . The values of [C]T were greater than the values of [Cf ] , and [C] T W [Cf ] was 1.57±0.46. Haeringen has suggested that the correlation between the free concentration of drugs (acidic and basic drugs) in plasma and the concentration of drugs in tears might be altered by ‰uctuations in tear pH, and consequently the measurement of drug concentration in tears had been thought to be an unusual method for TDM.
24) The pH of plasma ( pHp) and tear ( pHt ) were measured using pH indicator paper, and were found to be 7.4 and 8.2, respectively. The pH of tears was consistent with the report of Baeyens and Gurny. 25) The theoretical values of the percentages of the unionized forms of TP in plasma and tears were calculated to be 95.9z and 78.8z using equation 9, respectively ( pKa＝ Although there is no evidence of the active transport system in the transfer of TP from plasma to tears, the active transport may contribute to the transfer of TP from plasma to tears. The bulk ‰ow rate of tears (QTEAR＝15.0×10 -3 mL W hr) was very small compared with the apparent diŠusion clearances of TP from plasma to tears and from tears to plasma (CLTIN＝416.2×10 -3 mL W hr and CLTOUT＝ 341.3×10 -3 mL W hr), indicating that the transfer of TP between plasma and tears is little in‰uenced by the bulk ‰ow of tears.
Stoehr et al., reported that tear concentrations correlated well with plasma unbound concentrations (g＝ 0.88) in adult male patients, and the values of slope and intercept were found to be 0.84 and 0.70, respectively.
12)
The dotted line calculated using the above values of slope and intercept is shown in Fig. 4A 3) The dotted line calculated using the above values of slope and intercept is shown in Fig. 4D 
